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Unexpected High Energy Ions from a Chemical 
Ionization Source 
Jingping Peng, E. V. Moskovets, and Gregory I. Gellene 
Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, TX, USA 
Doubly charged rare gas cations are produced in a chemical ionization source under 
conditions in which the energy of the primary ionizing electrons is more than 20 eV below the 
energetic threshold. The formation mechanism consists of creating secondary electrons outside 
the ion source followed by the acceleration of some of these electrons into the source where 
they initiate high energy ionization processes. Evidence suggesting that the secondary 
electrons arise from ionizing collisions between accelerated ions and background gas is 
presented. This process is expected to occur generally when positive ion chemical ionization 
is performed in magnetic deflection instruments. (J Am Soc Mass Spectrom 1997, 8, 
1262-1265) © 1997 American Society for Mass Spectrometry 
T 
ypically, chemical ionization (CI) mass spectra 
are obtained with ion source pressures of 0.3-1.0 
tort to allow the desired ion chemistry to proceed 
efficiently, and with a mass analysis region pressure on 
the order of 10 -6 torr to limit ion scattering [1]. Thus, an 
order of magnitude pressure gradient of -6  exists 
between the ion source and the mass analysis region, 
where collisions of ions with background gas is un- 
avoidable. It is well known that these collisions can 
convert the kinetic energy of the ion into internal 
energy, ultimately ielding new ions that, for energetic 
considerations, could not have been produced in the ion 
source directly. Collision-induced issociation (CID) [2, 
3] is a common example of this type of process. CID 
fragment ions necessarily have lower kinetic energy 
than ions produce in the source, which allows these two 
ion origins to be distinguished readily. Recently, how- 
ever, we observed doubly charged ions with kinetic 
energies indicative of generation in the ion source 
under nominal ionizing conditions, where the produc- 
tion of such ions would not ordinarily be thought 
possible. The explanation involves a two step mecha- 
nism. First, electrons are produced outside the ion 
source by ionizing collisions of accelerated ions. Sec- 
ond, because the ion source is operating in a positive 
ion mode, some of these electrons are accelerated into 
the source where they initiate high energy ionization 
processes. This process does not appear to have been 
described previously. 
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Experimental 
The ion source used in these experiments has been 
described previously [4]. Initially, ions are generated in 
the source by electron ionization (EI) with electrons that 
are produced by regulated emission from a hot Re 
filament located 1-2 mm away from the ion source and 
enter the source through a 5 mm x 0.25 mm slit. The 
electron energy (Ee) is taken to be the nominal voltage 
between the filament and the source, the latter being 
held at 3 kV. Two general regimens of E e were investi- 
gated: Ee sufficient o produce singly but not doubly 
charged ions directly (denoted low Ee), and E~ suffi- 
cient to produce doubly charged ions directly (denoted 
high E~). 
Positive ions exiting the source are first accelerated 
toward a draw-out/focusing plate that is held at -6  kV 
and located 6 mm from the ion source exit and then 
decelerated as they approach a grounded plate located 
an additional 6 mm from the ion source exit. Having 
obtained an energy of 3z keV (where z is the charge of 
the ion), the ions are separated by a magnetic field, 
directed through a 0.8-mm slit, and detected in an ion 
counting mode by a channeltron electron multiplier 
located approximately 1.2 m from the slit. A pair of 
deflection plates located just prior to the slit were used 
to obtain time-of-flight (TOF) information. In this ex- 
perimental mode, a kHz frequency voltage pulse on the 
deflection plates allowed ions to pass through the slit 
during a 1-/~s time window. The subsequent arrival 
time of these ions at the detector was determined by 
collecting ions in another 1-/,ts time window with the 
delay between the two time windows varied from 3-35 
/~s in 1-/~s increments. This arrangement was capable of 
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Figure 1. Time-of-fl ight spectra for Ne ions. Experimental con- 
ditions are (a) magnet ic  field set to exceed m/z  = 11, Pin = 0.017 
torr, and E e = 70 eV; (b) magnetic field set to exceed m/z  = 11, 
Pin = 2.6 torr, and E e = 25 eV; (c) magnetic field set to exceed 
m/z  = 44, Pin = 1.7 torr, and E e = 25 eV. 
distinguishing ion arrival times differing by 2-3 /~s, 
which was sufficient for the present purposes. 
Various rare gases, both neat and mixed, were used 
in this study at ion source inlet pressures (Pin) of 
0.01-3.0 torr as measured by a capacitance manometer. 
Two general regimens of Pin were  investigated: Pin = 
0.01-0.05 torr, where EI-like mass spectra re expected 
(denoted low Pro), and Pin > 1.0 torr, where CI mass 
spectra are expected (denoted high Pin). Results ob- 
tained with neat Ne and Ne/Ar  mixtures in the ion 
source will be presented explicitly. In these experi- 
ments, 22Ne was emphasized to avoid possible confu- 
sion between 2°Ne + and 4°Ar2+. 
Results 
Figures la -c  show TOF results acquired with neat Ne in 
the ion source. The data in Figure la were obtained with 
the magnetic field adjusted to pass m/z = 11 (where m 
is the nominal ion mass), Pt~ = 0.017 torr, and E~ = 70 
eV (i.e., low Pin and high Ee). The arrival time of the 
single peak in this spectrum is consistent with that 
expected for 22Ne2+. The data in Figure lc were ob- 
tained with the magnetic field adjusted to pass m/z = 
44, Pin = 1.7 torr, and E e = 25 eV (i.e., high Pin and low 
Ee). The arrival time of the single peak in this spectrum 
is consistent with that expected for 22Ne~-. The data in 
Figure lb were obtained with the magnetic field ad- 
justed to pass m/z = 11, Pm = 2.6 torr, and Ee = 25 eV 
(i.e., high Pin and low E~). Comparing Figure lb to 
Figures la and lc indicates that high Pin and low Ee 
produces two types of apparent m/z = 11 ions, one 
with the velocity of the ion source produced by 22Ne2+, 
and the other having the velocity of the ion source 
produced by 22Ne2-. Similar TOF experiments were 
performed with neat He, Ar, Kr, and Xe in the ion 
source with results analogous to those obtained with 
Ne. In all cases, at high Pin and low E¢, ions with an 
apparent m/z = M/2  (where M is a rare gas atomic 
mass) as determined by the magnetic field setting were 
observed to be separable into groups having a velocity 
consistent with either that of ion source produced M 2+ 
or ion source produced M~-. 
Discussion 
The assignment of the single peak observed in the TOF 
spectra obtained at low Pin and high Ee (Figure la for 
Ne) to the expected M 2+ ions was readily confirmed for 
Ne, Kr, and Xe by observing the appropriate isotope 
intensity distribution as the magnetic field was varied 
in the M/2 region. Similarly, the assignment single 
peak observed in the TOF spectra obtained at high Pin 
and low Ee (Figure lc for Ne) to the expected M~- ions 
was confirmed for Ne, Kr, and Xe by varying the 
magnetic field in the 2M region. Although the natural 
abundance of the rare isotopes of He and Ar is too low 
to provide direct confirmation of the M 2+ and M~ 
assignments in the present low Pin, h igh  E e and high 
P~, and low E e TOF spectra, respectively, there is every 
reason to believe that the rare gases would all behave 
similarly in these experiments. 
The two peaks having an apparent mass of M/2 
observed in the TOF obtained at high P~ and low E e 
(Figure lb for Ne) cannot be understood by considering 
expected ion source processes alone. However, the low 
velocity peak can be readily assigned to fragment ions 
resulting from the CID of ion source produced M~- ions 
in the field free region between the source and the 
magnet. Assuming no kinetic energy loss or release in 
the CID process, the squared momentum of a fragment 
ion of mass Ma from a dimer ion of mass Ma + Mb and 
kinetic energy T is 2M2T/(Ma + Mb). For the special 
case of Ma = Mb = M, the effective mass  (meff) of the 
fragment ion is M/2. Of course, in reality, kinetic 
energy is exchanged in the CID process and M~ ~ Mb 
dimer ions also will be fragmented to give, alterna- 
tively, M~ + and Mb ~ ions. These complications cause 
shifts and/or  broadening of meff, the exact nature of 
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which depends nontrivially on CID and instrumental 
considerations. Although no detailed analysis of these 
low velocity, M/2,  TOF peaks was attempted, it seems 
clear that the assignment o CID fragment ions is 
correct. 
The high velocity, M/2 ,  TOF peaks observed under 
conditions of high Pin and low E e cannot be assigned to 
ions created by collisions in the field free region be- 
tween the source and the magnet because the measured 
velocity requires that they be ion source produced M 2 ÷ 
ions. This conclusion was confirmed for Ne, Kr, and Xe 
by observing the appropriate isotope intensity distribu- 
tion as the magnetic field was varied in the M/2 region. 
It is unlikely that these M 2+ ions are dominantly 
produced by charge stripping collisions in the acceler- 
ation region. Such ions would have a broad velocity 
distribution reflecting the electrical potential (which 
varies by 9 kV) at the point of formation, whereas the 
width of the M 2+ peak in Figure lb is nearly identical to 
that in Figure la, where the M 2+ have been established 
to be produced inside the ion source. An acceptable 
explanation for these peaks, therefore, requires a mech- 
anism for ion source production of M 2+ under condi- 
tions in which Ee of the primary ionizing electrons is 
approximately 1/3 the required energy. One possibility 
is an energy pooling mechanism involving metastable 
excited states of the ion (M +*) and the neutral (M*) and 
three primary electrons. 
M+e- - ->M+ + 2e (la) 
M ++e-~M +*+e-  (lb) 
M + e --->M* + e- (lc) 
M*+M +*~M 2++M (ld) 
In addition to the improbable requirement of the same 
atom interacting twice with the electron beam (reactions 
la,b), the inequalities E(M 2+) - E(M*) < E(M +*) < 
E(M +) + Ee must hold for the energy (E) of these 
states. Although such an M +* may possibly exist for 
Ne, Ar, Kr, and Xe, it does not for He [5]. Thus, an 
energy pooling mechanism cannot account for all of the 
observed low Ee, M/2 ions. 
Alternatively, the low Ee, M/2 ions can be ac- 
counted for by a two step mechanism in which second- 
ary electrons are first produced outside the ion source 
by ionizing collisions of accelerated ions followed by 
acceleration of the secondary electrons into the source. 
In the present experiments, these secondary electrons 
could obtain energies of 3-9 keV, much more than 
sufficient o produce M 2+ ions. Logically, this mecha- 
nism predicts that as E e is varied, keV electrons would 
become available to produce high energy ions as soon 
as any ions are produced and accelerated out of the ion 
source. This prediction was tested by measuring the 
intensity of 22Ne+ and 4°At + ions as a function of E e for 
200" 
150" 
100" 
50" 
0 
12 14 16 18 20 22 24 
Electron Energy (eV) 
26 
+ 
60' 
50' 
40" 
30" 
20" 
10' 
0 
12 
b 
14 16 18 20 22 
Electron Energy (eV) 
24 26 
8000' 
6000' 
4000' 
2000" 
0 
12 14 16 18 
, . , . , . 
20 22 24 26 
Electron Energy (eV) 
Figure 2. (a) Ionization efficiency curve for Ne + with Pin = 1 
torr; (b) ionization efficiency curve for Ne + with Pin = 1.9 torr of 
a 1:1 Ne/Ar mixture; (c) ionization efficiency curve for Ar ÷ under 
the same xperimental conditions as (b). 
neat Ne and 1:1 Ne/Ar  samples. It was found that the 
effective appearance potential of Ne (Figure 2b) and Ar 
(Figure 2c) in the Ne/Ar  sample are essentially identi- 
cal, with a value comparable to literature ionization 
energy (IE) for Ar. Conversely, the effective appearance 
potential of Ne with the neat Ne sample (Figure 2a) is 
approximately 6 eV greater than that observed with the 
Ne/Ar  sample and comparable with the literature IE for 
Ne. These observations trongly support the mecha- 
nism involving the collisional formation of secondary 
electrons outside the ion source• To establish whether 
the relevant collisions occurred with background gas or 
surfaces (e.g., the draw-out/focusing plate), a final 
experiment was performed where the aperture in the 
draw-out/focusing plate was increased from approxi- 
mately 1 to 2 mm. This change is expected to diminish 
the importance ion/surface collisions and have a min- 
imal effect on ion/gas collisions. Thus, if the secondary 
electrons are dominantly produced by ion/surface col- 
lisions, increasing the aperture should diminish the 
intensity of the M 2-- TOF peak relative to the M + TOF 
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peak because the later arises fro CID processes with 
background gas. Alternatively, if the secondary elec- 
trons are dominantly produced by ion/gas collisions, 
the relative intensity of the M 2+ and M + TOF peaks 
should be largely unaffected by increasing the aperture 
size. It was observed that the relative intensity of the 
two peaks in the high Pin, lOW E e TOF spectra was 
unchanged by increasing the draw-out/focusing plate 
aperture. We concluded that the secondary electrons 
giving rise to the high velocity M/2 ions are produced 
primarily by collisions of accelerated ions with back- 
ground gas, although some contribution from ion/ 
surface collisions cannot be completely ruled out by the 
present experiment. 
The production of high energy secondary electrons 
by the described mechanism is expected to occur when 
positive ion CI is performed in a magnetic deflection 
instrument. Although the observation of doubly 
charged ions may be limited to atomic species and other 
special cases, high energy EI products, such as fragment 
ions, would be expected more generally. Some indica- 
tion of the importance of this high energy ionization 
process under CI conditions can be inferred from Fig- 
ures lb and c. The M 2+ ions have approximately half 
the intensity of the CID produced M + daughter ions, 
which themselves have less than 0.5% of the intensity of 
the M~ parent ions. Fragment ion production may be 
more efficient because the cross section for producing 
such ions is generally expected to be larger that that for 
producing doubly charged species. Nevertheless, this 
process is not expected to interfere significantly with 
ordinary analytical applications of CI. However, several 
years ago in this laboratory [6], this process prevented a 
study of isotope effects in the formation of O~- by the 
association reaction of O~- and 02 in the presence of Xe 
due to interference from Xe 2+ although at the time, the 
origin of the Xe 2+ ions was not understood. 
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